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AB ST RACT 

A s t u d y  was made o f  e n t r y  h e a t i n g ,  a c c e l e r a t i o n  and 
l o a d i n g  c o n d i t i o n s  f o r  s e v e r a l  s p h e r e s .  These were 7 ,  2 0  and  
58 .5  f e e t  i n  d i a m e t e r .  T o t a l  w e i g h t s  o f  500 and  680  pounds 
were  c o n s i d e r e d .  

N e t a l l i c  f a b r i c  t h i c k n e s s ,  t e L n p e r a t u r e  l i m i t a t i o n s  
a n d  t h e  e f f e c t s  o f  d e c e l e r a t i o n  d u r i n g  e n t r y  on i n f l a t e d  s p h e r -  
i c a l  s t r u c t u r e s  also were examined. The r e s u l t s  were r ev iewed  
t o  e s t i m a t e  p r a c t i c a l  s i z e  r a n g e s  f o r  e n t e r i n g  s p h e r i c a l  e s c a p e  
d e v i c e s .  

It was found t h a t  s p h e r i c a l  b o d i e s  a r e  p r e s e n t l y  n o t  
good c a n d i d a t e s  f o r  e s c a p e  d e v i c e s :  The s p h e r i c a l  s h e l l s  would 
r e q u i r e  a b l a t i v e  c o a t i n g  on t h e  e n t i r e  s u r f a c e ;  r i g i d  s p h e r i c a l  
s h e l l s  c r e a t e  a s t o r a g e  problem; u s e  of  m e t a l l i c  f a b r i c  w i t h  i t s  
c u r r e n t  t e m p e r a t u r e  l i m i t a t i o n  o f  2000OF would n e c e s s i t a t e  
b a l l o o n s  larger  t h a n  2 0  f e e t  anci, would t h e r e f o r e ,  l i m i t  f a b r i c  
s k i n  t h i c k n e s s e s  t o  l e s s  t h a n  5 t h o u s a n d t h s  of a n  i n c h .  T h i s ,  
would e n t a i l  t h e  r i s k  o f  t e a r i n g  d u r i n g  u n f o l d i n g  and e n t r y  by  
a s t r o n a u t .  

A l i t e r a t u r e  s e a r c h  c o v e r i n g  a i r  r a d i a t i o n  and  e m i s s i o n  
O f f  m e t a l l i c  s u r f a c e s  i s  r e p o r t e u  i n  Appendix A .  An i n v e s t i g a t i o n  
of t h e  c h e m i c a l  r e a c t l o n  of a i r  ge rma ine  t o  e n t r y  phenomena i s  
d i s c u s s e d  i n  Appendix B. 
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TECHNICAL MEMORANDUM 

Introduction 

Reference [1]* reported a proposal for a balloon type 
rescue vehicle for emergency entry from earth orbit. This pro- 
posal appeared promising because of its simplicity of design 
and operation and the minimum need for astronaut participation. 
It was suggested that a large balloon made of metallic fabric 
would provide so much drag that ablative or other cooling systems 
would not be necessary. To check the validity o f  this premise a 
study was made of entry heating conditions f o r  several spheres. 
Three spherical bodies were considered: a 7 foot diameter, 680 
pound sphere; a 20 foot diameter, 680 pound sphere; and a 58.5 
foot diameter, 680 pound sphere. (For comparison purposes the 
entry trajectory of a one foot diameter, 327 pound sphere was 
also calculated and plotted.) The study involved the deter- 
mination of the trajectory parameters (altitude, velocity, 
inclination angle and time), the determination of stagnation 
temperatures in the continuum flow regions, and the determination 
of the leading edge surface temperatures. 

Metallic fabric skin thickness, temperature limitations 
and the effects of deceleration during entry on spherical structures 
also were examined. The results were reviewed to estimate practical 
size ranges for entering spherical escape devices. These results 
and those of similar calculations for 500 pound spheres are shown 
in Figure 9. 

Discussion of Results 

Referring to Figure 2 it can be seen that the time from 
beginning of entry to slow down to a given instantaneous velocity 
is the same for the three spheres selected for comparison. This 
is because the instantaneous inclination angle for the entering 
spheres (see Figure 4) is the same at any given, instantaneous, 
velocity, However, the altitude of the spheres, at a given ve- 
locity, varies with B, the ballistic coefficient. For example, 
at a velocity of 0.4 x orbital velocity (V/Vf = 0.4), the 
B = 8.84 psf, 7 foot diameter sphere and the B = 285 psf, 1 foot 
diameter sphere are separated in altitude by 80,000 feet. At 

"Numbers in brackets refer to references at the end of the 
report. 

. .  
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t h e  same v e l o c i t y ,  1 0 0 , 0 0 0  f e e t  s e p a r a t e  t h e  B = 0 . 1 2 7 6  p s f ,  
58 .5  f o o t  d i a m e t e r  s p h e r e  from t h e  7 f o o t  d i a m e t e r  s p h e r e .  

Comparing F i g u r e s  5 and 6 which show s t a g n a t i o n  and 
s u r f a c e  t e m p e r a t u r e s ,  r e s p e c t i v e l y ,  i t  may b e  s e e n  t h a t  r a d i -  
a t i o n  c o o l i n g  s i g n i f i c a n t l y  l o w e r s  t h e  l e a d i n g  edge w a l l  t e m -  
p e r a t u r e s .  F o r  i n s t a n c e ,  t h e  maximum s k i n  t e m p e r a t u r e s  found 
on t h e  58 .5 ,  2 0  and 7 f o o t  diameter  (680 l b )  s p h e r e s  were 1 8 8 8 O R  
(1428OF), 2 4 4 0 O R  ( 1 9 8 0 ~ ~ )  and 3640OR ( 3 1 8 0 O ~ ) ,  r e s p e c t i v e l y .  
T h i s  o c c u r r e d  w h i l e  t h e  d i s s o c i a t e d  a i r  i n  t h e  shock  r e g i o n  
was a t  8 3 0 0 O R  (784OoF),  933OoR (8870OF) and l O , 5 2 O 0 R  ( 1 0 , 0 6 0 ° F ) ,  
r e s p e c t i v e l y .  From F i g u r e  9 i t  may be s e e n  t h a t  t h e  s h a r p e s t  
d rop -o f f  i n  maximum s k i n  t e m p e r a t u r e s  o c c u r  i n  g o i n g  from a 
7 f o o t  t o  a 2 0  f o o t  d i a m e t e r  s p h e r e  and t h a t  t h e  c u r v e s  f l a t t e n  
for f u r t h e r  i n c r e a s e s  i n  s p h e r e  d i a m e t e r .  A p r a c t i c a l  l i m i -  
t a t i o n  on t h e  u s e  o f  m e t a l l i c  f a b r i c  f o r  s p h e r i c a l  s t r u c t u r e s  
may b e  d e r i v e d  b y  c o n s i d e r i n g  t h e  t h i c k n e s s  and weight  o f  t h e  
s k i n  m a t e r i a l .  If 250  pounds i s  a l l o c a t e d  t o  s k i n  weight  f o r  500 
and 680 pound s p h e r e s  and a s k i n  f a b r i c  t h i c k n e s s  e q u i v a l e n t  
t o  .005 s t a i n l e s s  s t e e l  s h e e t  i s  assumed, t h e n  2 0  f e e t  i s  t h e  
maximum p o s s i b l e  s p h e r e  d i a m e t e r .  While s p h e r e s  o f  Tungs ten ,  
Columbiun, Tantalum o r  Molybdenum c o a t e d  s h e e t  c o u l d  s t a n d  up 
t o  35OO0F, s u i t a b l y  c o a t e d  f a b r i c s  of t h e s e  mater ia l s  a r e  
l i m i t e d  t o  approx ima te ly  2000OF. T h i s  i s  because  o f  t h e  
c a t a s t r o p h i c  o x i d a t i o n  o f  t h e  f i n e  m e t a l l i c  s t r a n d s  t h a t  
make up t h e  y a r n s  which,  i n  t u r n ,  are  woven i n t o  t h e  f a b r i c .  
The c o a t e d  m e t a l l i c  s t r a n d s  s imply  f l a s h  and burn  above 2000OF 
i n  a i r .  

Coa t ing  e i t h e r  r i g i d  or i n f l a t a b l e  s h e l l s  w i t h  a b l a t i v e  
mater ia l  w i l l  e n a b l e  t h e  s h e l l s  t o  s u r v i v e  r e e n t r y .  S i n c e  t h e  
s k i n  weight  of a s p h e r i c a l  s h e l l  i n c r e a s e s  w i t h  t h e  s q u a r e  o f  
i t s  diameter,  c o n s i d e r a t i o n  of t h e  weight  of t h e  r e q u i r e d  abla- 
t i v e  c o a t i n g  s u g g e s t s  u s e  o f  a small ,  c o m p a r a t i v e l y  dense  s p h e r e  
f o r  an  e n t r y  d e v i c e .  For i n s t a n c e ,  t h e  w e i g h t s  i n v o l v e d  i n  
c o a t i n g  7 f o o t  and 2 0  f o o t  s p h e r e s  w i t h  0.250 i n c h  l a y e r s  of  
p h e n o l i c  ny lon  a b l a t o r  m a t e r i a l  a re  2 4 0  pounds and 1958 pounds ,  
r e s p e c t i v e l y .  Use o f  a n  a b l a t i v e  c o a t e d  s p h e r e  l a r g e r  t h a n  
a p p r o x i m a t e l y  7 f e e t  appea r s  p r o h i b i t i v e  from t h e  weight  s t a n d -  
p o i n t .  A s p h e r e  w i t h  aerodynamic d i r e c t i o n a l i t y ,  i . e . ,  t r i m m e d  
w i t h  t h e  c . g .  fo rward  of t h e  c e n t e r  o f  volume, would a l l o w  
a b l a t i v e  mater ia l  t o  b e  added o n l y  on t h e  fo rward  s u r f a c e  and 
t h u s  would save  o v e r a l l  we igh t .  T h i s  aerodynamic d i r e c t i o n a l i t y  
i s ,  however, much e a s i e r  t o  a c h i e v e  w i t h  shapes  o t h e r  t h a n  
s p h e r e s .  From t h e  above c o n s i d e r a t i o n s  ( e . g . ,  s t o r a g e ,  d i r e c -  
t i o n a l i t y  and t e m p e r a t u r e  l i m i t a t i o n s )  it would a p p e a r  t h a t  
s p h e r e s  a r e  n o t  good c a n d i d a t e s  f o r  e s c a p e  d e v i c e s .  However, 
i t  may b e  s e e n  i n  F i g u r e  9 t h a t  i f  a m e t a l l i c  f a b r i c  t h a t  can  
w i t h s t a n d  25OOOF can  be  deve loped ,  t h e n  b a l l o o n  t y p e  r e s c u e  
v e h i c l e s  might ,  i n d e e d ,  be  f e a s i b l e  f o r  low a l t i t u d e  e a r t h  
o r b i t s .  
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A r ema in ing  r e a s o n  a g a i n s t  t h e  u s e  of  m e t a l l i c  s p h e r e s  
f o r  r e s c u e  d e v i c e s  i s  t h e i r  l a c k  o f  "growth" c a p a b i l i t y  f o r  e n t r y  
from h i g h e r  o r b i t s .  An approach  i s  t o  c o n s i d e r  t h e  changes 
n e c e s s a r y  i n  t h e  t h e r m a l  p r o t e c t i o n  used  on a r e s c u e  d e v i c e  
o r g i n a l l y  d e s i g n e d  for low e a r t h  o r b i t  e n t r y  (up  to 2 0 0  n .m.)  
t o  p e r m i t  i t s  u s e  f o r  e n t r y  from a 2 0 0 0  n .  m i l e s  o r b i t  or f rom 
a synchronous  o r b i t ,  i . e . ,  1 9 , 3 5 0  n .  m i l e s  a l t i t u d e . *  The space -  
c r a f t  w i l l  b e  t r a v e l i n g  a t  2 8 , 0 0 0  f t / s e c  when e n t e r i n g  from a 
2 0 0 0  n .  miles  c i r c u l a r  o r b i t  and a t  33 ,800  f t / s e c  when e n t e r i n g  
from a 1 9 , 3 5 0  n .  m i l e s  o r b i t .  It may b e  s e e n  from F i g u r e  A-9 
t h a t  t h e r e  i s  a v e r y  l a r g e  i n c r e a s e  i n  t h e  non-equ i l ib r ium 
"luminous f r o n t "  r a d i a t i o n  i n  g o i n g  from a 2 6 , 0 0 0  f t / s e c  t o  a 
33 ,800  f t / s e c  e n t r y  v e l o c i t y .  The s u r f a c e  t e m p e r a t u r e  w i l l  
i n c r e a s e  c o n s i d e r a b l y  and w i l l  c l e a r l y  exceed  t h e  s t r u c t u r a l  
l i m i t s  o f  Tungs ten ,  Columbium o r  Tantalum f a b r i c  ( a i r c a d y  mar- 
g i n a l  for l ow e a r t h  o r b i t  e n t r i e s )  even  i f  a s u i t a b l e  c o a t i n g  
were found f o r  ox ida t ' on  p r o t e c t i o n .  The same c o n s i d e r a t i o n  
would a p p l y  tcs r e e n t r y  from a h i g h l y  e l l i p t i c a l  e a r t h  o r b i t .  
By c o n t r a s t ,  an  e n t r y  d e v i c e  u s i n g  a n  a b l a t i v e  s h i e l d  would 
r e q u i r e  on ly  a t h i c k e r  c o a t i n g  of  a b l a t i v e  m a t e r i a l  t o  e n a b l e  
e n t r y  from a h i g h e r  a l t i t u d e  o r b i t .  Such a r e s c u e  v e h i c l e  
o r i g i n a l l y  d e s i g n e d  w i t h  a t h i c k n e s s  o f  a b l a t i v e  mater ia l  f o r ,  
s a y ,  a 3 2 , 0 0 0  f t / s e c  e n t r y  v e l o c i t y  would c e r t a i n l y  work f o r  
a 2 6 , 0 0 0  f t / s e c  e n t r y .  

T ra . i ec to rv  D e t e r m i n a t i o n  

A l t i t u d e  v s .  Speed and I n c l i n a t i o n  v s .  Speed Computat ions 

The t r a j e c t o r i e s  of t h e  t h r e e  s e l e c t e d  s p h e r e s  were 
d e t e r m i n e d  by t h e  u s e  of t h e  e q u a t i o n s  deve loped  by Loh, [ 2 ] .  
When t h e  l i f t  t o  d r a g  r a t i o ,  L/D, i s  z e r o ,  as i n  t h e  c a s e  o f  
a s p h e r e ,  t h e  t r a j e c t o r y  becomes a n o n - l i f t i n g  b a l l i s t i c  e n t r y  
and  t h e  a p p l i c a b l e  e q u a t i o n s  become, 

f c o s  0 

and 

* S i g n i f i c a n t  changes i n  r e t r o - p r o p u l s i o n  c a p a b i l i t y  would 
a l s o  b e  needed .  
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where 

0 ,  o = instantaneous angle of inclination to horizontal 
and angle of inclination to horizontal at be- 
ginning of unpowered glide, respectively; degrees, 
positive for descent 

relation, P=Pd e -Bh (Po = 0.0027 slugs/ft3; 

B 

B = constant in planetary density vs. altitude 

- -  I - 23,500 f o r  earth) 

Ro = radius of earth, ft 
g = acceleration due to gravity, ft/sec2 
p,pf = instantaneous atmospheric density and atmospheric 

density at beginning of unpowered entry, respec- 
t ively, slugs/ft 3 

B = ballistic coefficient mg/CDA, lbs/ft2 
V,Vf = instantaneous velocity and velocity at beginning 

of unpowered entry, respectively, ft/sec 

One notes that since the equations are coupled, an explicit answer 
for the values of 0 and Vf/V cannot be obtained. Therefore, an 
iterative numerical technique must be used before actual values 
for the variables can be determined. The iterative process, 
however, is not too cumbersome since the instantaneous angle of 
inclination, 0, remains close to zero for the first 1/4 of the 
entry phase and does not become significant until half the speed 
is expended. By that time a prediction pattern is developed and 
only 3 or 4 assumptions f o r  0 and V, at a given altitude, are 
necessary before the iterated values converge to the desired 
accuracies. 

The only place where the size and weight of the sphere 
enters, is in the ballistic coefficient B in Equation (2). B is 
found from 

where 
m = mass, slugs 
g = acceleration of gravity, ft/sec2 
CD= drag coefficient = 2D/pV2A, dimensionless 
A = entry vehicle reference area, ft2. (For a 

sphere A=RR2.) 



BELLCOMM, INC. - 5 -  

The drag coefficient CD for a sphere in hypersonic flow depends 
weakly on Reynolds number, Re, for Re)100. This may be seen in 
Figure 1. For this exercise, values of C =1.1, 1.03 and 1.0 

respectively. This is because the Reynolds number behind a 
normal shock was calculated to be approximately 159, 454 and 
1330 for the 7 foot, 20 foot and 58.5 foot sphere, respectively, 
at 3OO,OOO feet. Accordingly, B was found to be 8.84 psf for 
the case of a 680 pound, 7 foot sphere; 1.082 psf for the case 
of a 680 pound, 20 foot sphere; and 0.1276 psf f o r  the case of 
a 680 pound, 58.5 foot sphere. (For the 1 foot, 327 pound sphere 
a CD = 1.46 was used since ReBlO, and this gave a ballistic 
coefficient B of 285 psf.) 

were chosen for the 7 foot, 20 foot and 5 8 .5 foot spheres, 

The results of the altitude vs. speed computations are 
plotted in Figure 2. For these plots use was made of the air 
properties of [31 .  

It may be concluded from an examination of Figure 2 
that the large diameter sphere remains at a higher altitude while 
it is losing speed. However, with a larger size sphere the tran- 
sitionfrom free molecular flow to continuum flow occurs at a 
higher altitude. This point of transition depends on the mean 
free path of the molecules between collisions and on the charac- 
teristic length of the body as expressed by the Knudsen number 
K=X/D where A is the mean free path and D is the diameter of the 
sphere for this exercise. Since the mean free path varies 
inversely with the density of the air, it is large at high 
altitude. Therefore, a larger body must be at a higher altitude 
than a smaller body for the same value of K. Prof. Tsien, [4], 
has chosen the boundaries of the flow regimes of fluids - con- 
tinuum flow, transition flow and free molecular flow - to be 
K11/100, 1/100<K<10, and K>10, respectively. In the continuum 
region, gas dynamics relations hold. In the transition regime, 
second order effects have to be cansidered in the Navier-Stokes 
equations in order to handle, mathematically, the phenomena of 
"slip". In the free molecular region, direct collisions between 
the body and air molecules take place and kinetic theory has to 
be used to find temperatures. While effects in the transition 
and free molecular region would have to be considered in specific 
entry body designs, these effects would not significantly affect 
the conclusions of this study. 

Figure 4 shows the results of the angle of inclination 
vs. speed computations. It should be noted that the instantaneous 
angle of entry is the same for all spheres at any particular speed. 
This is so because L/D=O for all spheres. (The inclination angle 
would not be the same at any particular speed for all bodies with 
an L/D=1 because an additional term involving L/D and CD would be 
present. ) 
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Time vs. Velocity Computations 

To find time measured from the beginning of unpowered 
entry a force balance for the model in Figure 3 was developed. 
From a consideration of the forces acting on the vehicle, the 
equations of motion may be written as 

- _  dV - g sin 0 - (D/m) 
dt ( 3 )  

and 

In Eq. ( 3 )  the acceleration tangent to the flight path is equated 
to the component of gravitational acceleration acting along the 
flight path and to the drag deceleration. Equation (4) is the 
force balance in the direction perpendicular to the flight path, 
in which the contributions per unit mass of lift, gravity, and 
centrifugal forces are set equal to the centripetal acceleration 
of the body. 

If it is assumed that (a) the acceleration of gravity 
is constant (R is approximately constant), and ( b )  the drag force 
D is constant, then Eqs (3) and (4) become 

( 5 )  - d V  = 32.2 sin 0 - (D/m) 
dt 

and 

do - c32.2 - (V2/21.6x106)] cos o V d t -  
(The last term on the right hand side of Eq. (4) is zero since 
for a sphere the lift force, L, is zero.) Numerical integration 
results in, 

For this exercise, o=O when t=O. Therefore, it is merely nec- 
essary to add A t's - corresponding to the A 0 ' s  found from 
Eqs. (1) and (2) - to find the time, t, elapsed since the start 
of unpowered entry. Selected values of time, t, are shown in 
Figure 2 for the two spherical shells. 

Temperature Determination 

Stagnation Point Temperature Determination 

Stagnation point temperatures, corresponding to the 
speeds and altitudes calculated by E q s .  (1) and (2) of the pre- 
vious section were found from the data of Scala et al, [5 ] .  
These investigators considered real gas effects and assumed 
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dissociated equilibrium air behind a normal shock wave. The 
stagnation point conditions result from the isentropic com- 
pression of the gas behind the normal'shock until the total 
or stagnation enthalpy value is reached. Thus, 

V2 
2gJ 

H, = H2 + 3 

and the stagnation temperature is a function of the total 
enthalpy and pressure, 

where 

H, = stagnation or total enthalpy, Btu/lbm 
H2 = local or static enthalpy behind normal shock, 

V2 = speed of air behind normal shock, ft/sec 
g = acceleration due to gravity, ft/sec2 
J = conversion factor from mechanical units of energy 

to thermal units, 778 ft-lb/Etu 
To = stagnation or total temperature, OR 
Po = stagnation or total pressure, lb/ft2 

Etu/lbm 

For the same speeds and altitudes an inspection of Scala's data 
on the temperatures behind a normal shock, 
cernible difference from the stagnation temperatures, To. The 
average velocity of the air components behind the normal shock 
is substantially subsonic, i.e., at a free stream Mach number of 
18, the Mach number behind a normal shock is 0.32. Further, the 
speed term is squared and becomes negligible compared to the local 
or static enthalpy H2. Therefore, the contribution of the term 
V$/2gJ to the total enthalpy H,, and to the stagnation temperature 
To is insignificant. The highest temperature that the metal skin 
can reach, if radiation effects are not included, is the adiabatic 
wall or recovery temperature which can be found from the relations, 

T2, indicates no dis- 

=H +r Haw 2 a 2gJ 
and 
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where 

H 

r = r e c o v e r y  f a c t o r ,  d i m e n s i o n l e s s  
Taw = a d i a b a t i c  w a l l  t e m p e r a t u r e ,  O R  

P = a d i a b a t i c  w a l l  p r e s s u r e ,  l b / f t 2  

It i s  s e e n  by i n s p e c t i o n  o f  E q s .  ( 8 )  and ( 1 0 )  t h a t  t h e  

= a d i a b a t i c  w a l l  e n t h a l p y ,  Btu / lbm aw 
a 

a w  

o n l y  d i f f e r e n c e  between t h e  s t a g n a t i o n  e n t h a l p y  and t h e  a d i a b a t i c  
wall  e n t h a l p y  i s  i n  t h e  r ecove ry  f a c t o r  rcL i n  Eq. ( 1 0 ) .  However, 
s i n c e  Vz/2gJ i s  a l ready  ve ry  small ,  as d i s c u s s e d  above ,  and s i n c e  
rcL i s  W 0 . 8 5 ,  t h e  p r o d u c t  raV$/2gJ i s  a l s o  v e r y  small .  T h e r e f o r e ,  
H a w  w i l l  app roach  ( w i t h i n  9 9 . 9  p e r c e n t  a t  M = 18), H,. T h e r e f o r e ,  
Taw w i l l  app roach  To and no n u m e r i c a l  d i s t i n c t i o n  can  b e  made 
between t h e  v a l u e s  o f  Taw and To i n  t h e  r e g i o n  o f  i n t e r e s t  
( 7 ~ ~ ~ 4 8 ) .  These t e m p e r a t u r e s  a re  shown i n  F i g u r e  5 .  

S u r f a c e  Tempera ture  De te rmina t ion  

P r o c e d u r e  

By t a k i n g  t h e  s t a g n a t i o n  t e m p e r a t u r e  da ta  o f  F i g u r e  5 ,  
and  assuming an  e m i s s i v i t y  for t h e  m e t a l l i c  f a b r i c  o f  t h e  spher-  
i c a l  s h e l l s ,  it i s  p o s s i b l e  t o  c a l c u l a t e  t h e  h e a t  f l u x e s  t o  t h e  
l e a d i n g  edges  ( s t a g n a t i o n  s u r f a c e s ) .  It i s  t h e n  p o s s i b l e  t o  
c a l c u l a t e  t h e  w a l l  t e m p e r a t u r e  a t  t h e  l e a d i n g  edges. Wi th  t h e  
u s e  of  t h e  approximate  s t a g n a t i o n  p o i n t  heat t r a n s f e r  e q u a t i o n  
f o r  l a m i n a r  f l o w  developed  by Detra and Hida lgo ,  [16], one i s  
a b l e  t o  f i n d  t h e  c o n v e c t i v e  h e a t i n g  as f o l l o w s ,  

where , 
Btu = S t a g n a t i o n  p o i n t  heat  t r a n s f e r  r a t e ,  --set 4s 

R = Nose r a d i u s  a t  s t a g n a t i o n  p o i n t ,  f t  

V = I n s t a n t a n e o u s  f l i g h t  v e l o c i t y ,  f t / s e c  
= I n s t a n t a n e o u s  f r e e  stream a t m s o p h e r i c  d e n s i t y  

Atmospheric  d e n s i t y  a t  sea l e v e l ,  s l u g s / f t 3  
s l u g s / f t 3  

’ s L =  
H, = S t a g n a t i o n  o r  t o t a l  e n t h a l p y ,  B tu / lbm 
Hw = Entha lpy  o f  a i r  a t  wal l ,  B tu / lbm 

= Entha lpy  o f  a i r  a t  wall  a t  300°K, B tu / lbm Hw 300K 
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The convective heating is now added to the appropriate non- 
equilibrium radiation heating rate found from Figure A-9 and 
the total is set equal to the radiative cooling rate off the 
surface. Thus, 

where, 

Bt u/f t 2 -  
-1 2 u = Stefan - Boltzman constant, 0.48~10 

E = Surface emissivity to space, dimensionless 
Tw= Wall temperature, degrees Rankine 

sec-OR4 

Figure 6 shows the surface temperatures found for the three 
spherical shells. 

A sample calculation will now be made. The following 
conditions prevail for the 58.5 foot spherical shell at 329,000 
feet altitude: 

V = 21,600 ft/sec 
R = 29.25 ft 

= 130 Btu/lbm Hw 300K 

= 0.33 x P S L  
EL = 1.35 x 10-4 

H, = 11,000 Btu/lbm 3 PSL 
To = 8,300,~ 

Assume Tw = 1350'R then Hw = 330 Btu/lbm 

Thus, 
11,000-330 3-15 ) x.J0*33x10'6 11,000-130 

865 (21,600 
104 

= 1.022 Btu/ft2-sec 4s 
(A computational check of is using the equilibrium air convection 
heating equation of Eggers, et a1 - E261,indicates ts=l.015 
Btu/ft2-sec. ) 

For  the non-equilibrium air radiation to the surface it 
is found from Figure A-9 that for a velocity of 21,600 feet/second 
(6.59 km/sec) a heating rate of 2.03 Btu/ft2-sec (2.3 watts/cm2 
will take place. Thus, 
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= 2 . 0 3  B t u / f t 2 - s e c  %-e 

For t h e  r a d i a t i v e  c o o l i n g ,  w e  assume ~=0.5, ( a  v a l u e  
c l o s e  to t h e  t o t a l  h e m i s p h e r i c a l  e m i t t a n c e  o f  a v a r i e t y  o f  
a l l o y s  i n c l u d i n g  r o l l e d  s t e e l ,  I n c o n e l ,  and s t a i n l e s s  s t e e l  3 0 4 ) .  

Then , 
= ( 0 . 4 8  x ( 0 . 5 )  Tw4 q r  

Now, s e t t i n g  qs  t qn-e 
1 .022  + 2 . 0 3  = 0.24 TW4 x 

- and s o l v i n g  f o r  Tw w e  g e t ,  - qr 

and ,  

= 1 8 8 8 O ~  = 1428OF. 
TW 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  had t h e  non-equ i l ib r ium 
r a d i a t i o n  f l u x  been n e g l e c t e d ,  t h e  w a l l  t e m p e r a t u r e  for t h e  
5 8 . 5  f o o t  d i a m e t e r  s p h e r e  would have been  1440OR which i s  448OR 
less  t h a n  t h e  t e m p e r a t u r e  o f  1 8 8 8 O ~  found above .  F o r  t h e  7 f o o t  
diameter s p h e r e  t h e  maximum t e m p e r a t u r e  n e g l e c t i n g  n o n - e q u i l i b r i u m  
r a d i a t i o n  would have been 3580OR which i s  o n l y  8OoR l e s s  t h a n  t h e  
t e m p e r a t u r e  of  3 6 4 O O R  shown i n  F i g u r e  6 .  ( P r e v i o u s  t o  t h e  y e a r  
1960,  t h e  magni tude  o f  n o n - e q u i l i b r i u m  r a d i a t i o n  was unknown and 
t h e r e f o r e  n e g l e c t e d  i n  heat t r a n s f e r  c a l c u l a t i o n s  o f  r e e n t e r i n g  
b o d i e s .  T h i s  i s  s e e n ,  f o r  i n s t a n c e ,  i n  Hankey's work - page 53 
o f  [ l 7 ] ,  and Chapman's work-Figure 1 6  o f  [ 2 5 ] . )  

F o r  a f u r t h e r  d i s c u s s i o n  o f  t h e  heat  f l u x e s  t o  t h e  
l e a d i n g  edge ,  t h e  r e a d e r  i s  r e f e r r e d  t o  Appendix B .  

D e t e r m i n a t i o n  o f  D e c e l e r a t i o n  

The a n a l y t i c a l  method o f  Chapman, [ 2 9 ]  and [30], was 
u s e d  for c a l c u l a t i n g  t h e  d e c e l e r a t i o n  d u r i n g  e n t r y .  The d e f i n i n g  
e q u a t i o n  f o r  t h e  r e s u l t a n t  d e c e l e r a t i o n  i s  t a k e n  as 

where, 

a = r e s u l t a n t  d e c e l e r a t i o n ,  f t / s e c 2  
g = g r a v i t a t i o n a l  a c c e l e r a t i o n  o f  p l a n e t ,  f t / s e c 2  
t = t i m e ,  s e c  
u = l o c a l  h o r i z o n t a l  component o f  v e l o c i t y ,  f t / s e c  
v = l o c a l  v e r t i c a l  component o f  v e l o c i t y ,  f t / s e c  

( p o s i t i v e  i f  ou tward  from p l a n e t  c e n t e r )  
r = d i s t a n c e  f r o m  p l a n e t  c e n t e r ,  f t  
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The basis of the analytical method is that the term uv/r can be 
neglected for atmosphere entry calculations. This simplification 
enables an analytic solution to the entry motion to be obtained. 

Chapman shows in [301 ,  that in order to reduce the pair 
of motion expressions for du/dt and dv/dt to a single equation, 
it is necessary to transform to a new dimensionless dependent 
variable Z. For the case of entry vehicles the equation that 
results for the deceleration is, 

L 2  t (tan e- 5) - -  a - f i f i z  
g cos e 

where , 
6 = atmospheric density decay parameter, ft-l, 

constant in planetary density vs. altitude 
relation 

p = p o  e-@Y ( P o  = 0 . 0 0 2 7  slugs/ft3; 1/B=23,500 ft 
for earth) 

- 

- 
U E -  , ratio of local horizontal velocity to m 

orbital velocity, dimensionless - 
Z Ti e -BY, dimensionless variable 6) 
m = mass of body, slugs 
CD= drag coefficient, dimensionless 
A = entry vehicle reference area, ft2 
y = altitude, ft 
0 = flight path angle relative to local horizontal 

direction; positive for climbing flight, negative 
for descent, degrees 

L/D= lift to drag ratio 

For nonlifting entry vehicles E q .  (15) becomes, 

Furthermore, for Earth entry is approximately 30, so that 
Eq. (15)  can be further reduced to: 

- 
- -  a - 
g COS e J1 t (tan e ! ~  



. 
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F i g u r e  7 p r e s e n t s  t h e  r e s u l t s  f o r  t h e  r e s u l t a n t  d e c e l e r a t i o n  o f  
n o n l i f t i n g  b o d i e s  as a f u n c t i o n  o f  v e l o c i t y  r a t i o .  

From t h e  v iewpoin t  o f  human t o l e r a n c e  t o  a c c e l e r a t i o n  
s t r e s s ,  i t  i s  n o t  o n l y  t h e  peak d e c e l e r a t i o n  which must b e  con- 
s i d e r e d ,  b u t  a l s o  t h e  o r i e n t a t i o n  o f  t h e  body, t h e  d u r a t i o n  o f  
s t r e s s ,  and t h e  r a t e  o f  o n s e t  o f  d e c e l e r a t i o n .  Numerous expe r -  
i m e n t s  w i t h  c e n t r i f u g e s  have shown t h a t  human t o l e r a n c e  i s  
g r e a t e s t  i n  t r a n s v e r s e  o r i e n t a t i o n ;  t h a t  i s ,  w i t h  e i t h e r  c h e s t -  
to -back  o r  back- to-ches t  l o a d i n g  ( s e e ,  e . g . ,  [31] o r  [ 3 2 ] > .  
C e n t r i f u g e  expe r imen t s  a l s o  have shown t h a t  t h e  magnitude o f  
a c c e l e r a t i o n  i s  r e l a t i v e l y  more i m p o r t a n t  t h a n  t h e  d u r a t i o n ,  
i n  t h e  s e n s e  t h a t  i f  t h e  a c c e l e r a t i o n  i s  i n c r e a s e d  1 0  p e r c e n t ,  
t h e  t o l e r a b l e  d u r a t i o n  i s  d e c r e a s e d  by a f a c t o r  of  abou t  2 .  
Thus,  a method b e l i e v e d  t o  b e  c o n s e r v a t i v e  f o r  c a l c u l a t i n g  t h e  
e f f e c t i v e  d u r a t i o n  A t  d u r i n g  e n t r y  i s  t o  assume t h a t  t h e  maximum 
d e c e l e r a t i o n  a c t s  o v e r  t h e  e n t i r e  t i m e  i t  would t a k e  f o r  t h i s  
d e c e l e r a t i o n  t o  s low t h e  v e h i c l e  from o r b i t a l  v e l o c i t y  t o  r e s t .  
A c u r v e  o f  maximum d e c e l e r a t i o n  v e r s u s  d u r a t i o n  o b t a i n e d  i n  t h i s  
manner from [3O] i s  p r e s e n t e d  i n  F i g .  ( 8 )  f o r  v a r i o u s  L/D r a t i o s .  
I n c l u d e d  i n  t h i s  f i g u r e  i s  a boundary r e p r e s e n t i n g  human t o l e r a n c e  
i n  t h e  t r a n s v e r s e  o r i e n t a t i o n  f o r  c o n d i t i o n s  o f  r a p i d  o n s e t  o f  
a c c e l e r a t i o n .  T h i s  boundary a l s o  i s  c o n s e r v a t i v e  inasmuch as 
e n t r y  d e c e l e r a t i o n s  a r e  b u i l t  up r e l a t i v e l y  s lowly  under  which 
c o n d i t i o n s  t h e  body c i r c u l a t i o n  b u i l d s  up a r e f l e x  a c t i o n  o f  
e f f e c t i v e n e s s .  It i s  e v i d e n t  f rom b o t h  F i g u r e s  ( 7 )  and ( 8 )  t h a t  
t h e  d e c e l e r a t i o n s  f o r  o r b i t a l  e n t r y  i n t o  t h e  e a r t h ' s  a tmosphe re  
a re  w i t h i n  human t o l e r a n c e .  The human t o l e r a n c e  t o  d e c e l e r a t i o n  
a f t e r  p r o l o n g e d . s t a y  i n  w e i g h t l e s s n e s s  i s  a t  p r e s e n t  t h o u g h t  t o  
be  l e s s  t h a n  t h e  boundary l e v e l  i n d i c a t e d  i n  F i g u r e  8 .  It appears 
t o  v a r y  w i t h  i n d i v i d u a l  a s t r o n a u t s  and may depend on a g e .  A t  
p r e s e n t ,  t h e  o n l y  e x p e r i e n c e  g a i n e d  i n  t h i s  area i s  t h a t  o f  t h e  
two week m i s s i o n  o f  t h e  Gemini 7 crew i n  December o f  1965. Nei the r  
a s t r o n a u t  of  t h a t  m i s s i o n  was t r o u b l e d  or showed a f t e r  e f f e c t s  by 
t h e  d e c e l e r a t i o n  upon r e e n t r y .  

Loading  o f  t h e  S p h e r i c a l  S h e l l s  

The peak e x t e r n a l  l o a d i n g  o f  t h e  s p h e r i c a l  s h e l l s  o c c u r s  
when t h e  i n e r t i a  f o r c e  due t o  t h e  d e c e l e r a t i o n  i s  a t  a maximum. 
The maximum f a b r i c  S t r e s s ,  on t h e  o t h e r  hand,  o c c u r s  when t h e  
d i f f e r e n c e  between i n t e r n a l  and  e x t e r n a l  p r e s s u r e  on t h e  b a l l o o n  
i s  g rea t e s t .  To m a i n t a i n  t h e  b a l l o o n  i n f l a t e d ,  t h e  p r e s s u r e  on 
t h e  i n s i d e  o f  t h e  b a l l o o n  must be  g r e a t e r  t h a n  t h e  dynamic p r e s s u r e  
l o a d  b a l a n c i n g  t h e  i n e r t i a  f o r c e .  S i n c e  w e  are  concerned  here  
w i t h  manned r e s c u e  v e h i c l e s  w e  would n o t  want t o  t ake  i n  r a m  a i r  
d u r i n g  t h e  h i g h  v e l o c i t y  p a r t  o f  e n t r y  because  t h e  t e m p e r a t u r e  o f  
t h e  a i r  r e s u l t i n g  from t h e  c o n v e r s i o n  o f  t h e  h i g h  k i n e t i c  e n e r g y  
o f  t h e  ram a i r  would be much t o o  h i g h  f o r  s u r v i v a l .  Consequen t ly ,  
w e  would want t o  u s e  a p r e s s u r i z e d  g a s  t a n k  i n s i d e  t h e  b a l l o o n  
u n t i l  w e  were below a c e r t a i n  speed  a t  which time w e  would i n t r o -  
duce  ram a i r  which would mix w i t h  t h e  c o o l e r  g a s  ( e . g . ,  n i t r o g e n ,  
h e l i u m  or a i r )  a l r e a d y  i n  t h e  b a l l o o n .  



BELLCOMM, INC. - 1 3  - 

A s  a n  example o f  t h e  q u a n t i t y  o f  p r e s s u r i z e d  g a s  
r e q u i r e d  and  t h e  magn i tudes  o f  t h e  l o a d s ,  w e  s h a l l  l o o k  a t  
t h e  c o n d i t i o n s  o c c u r i n g  a t  t h e  p o i n t  a l o n g  t h e  t r a j e c t o r i e s  
o f  maximum i n e r t i a  f o r c e  l o a d i n g .  T h i s  o c c u r s  a t  a v e l o c i t y  
o f  0 . 4  o f  o r b i t a l  v e l o c i t y  f o r  a l l  s p h e r e s .  A t  t h i s  p o i n t  
w e  have a s t a g n a t i o n  t o t a l  p r e s s u r e  ( s t a t i c  p l u s  dynamic)  o f  
1 2 . 3 ~ 1 0 - ~  p s i a *  f o r  t h e  58.5 f o o t  s p h e r e .  T h e r e f o r e ,  p r e s -  
s u r i z i n g  t h e  b a l l o o n  t o  about  2 t imes t h i s  v a l u e  ( s i n c e  t h e  
Newtonian s t a g n a t i o n  p r e s s u r e  i s  t w i c e  t h e  f r e e  stream dynamic 
p r e s s u r e )  o r  0.0246 p s i a ,  w i l l  keep t h e  s h e l l  membrane i n  
t e n s i o n  a t  a l l  t imes .  

To m a i n t a i n  a n  i n t e r n a l  p r e s s u r e  g rea te r  t h a n  0.0246 
p s i a  t h e  f o l l o w i n g  q u a n t i t y  o f  a i r  i s  r e q u i r e d :  

4 v = - 11r3 3 
4 
3 V = - I I (29 .25)3  = 1 0 4 , 8 0 0  f t 3  

and from t h e  p e r f e c t  g a s  law, 

2 4 . 6 ~ 1 0 ' ~  x 1 4 4  x 1 0 4 , 8 0 0  = 13.1 lbs. 
53 .3  X 600 

w =  
where ,  

p = P r e s s u r e ,  p s f  
v = Volume, f t 3  

R = Gas c o n s t a n t ,  53 .3  f t - l b f / l b m o R  
T = Tempera ture ,  d e g r e e s  Rankine,  assumed 600°R 

For t h e  7 f o o t  s p h e r e ,  t h e  s t a g n a t i o n  p r e s s u r e  w i l l  
be 6 ~ 1 0 - ~  x 1 4 . 7  = 0.882 p s i a .  T h e r e f o r e ,  p r e s s u r i z i n g  t h e  
s p h e r e  above t h e  Newtonian s t a g n a t i o n  p r e s s u r e  o f  2x0.882= 
1 . 7 6 4  p s i a  w i l l  keep  t h e  s h e l l  membrane i n  t e n s i o n  a t  a l l  t imes .  

To m a i n t a i n  a n  i n t e r n a l  p r e s s u r e  g r e a t e r  t h a n  1 . 7 6 4  
p s i a  t h e  f o l l o w i n g  q u a n t i t y  o f  a i r  i s  r e q u i r e d ,  

4 v = - n r 3  3 

*This  v a l u e  i s  o b t a i n e d  from F i g u r e  9 o f  [5] .  
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V = 179.8 ft3 

and from the perfect gas law, 

1.764 x 144 x 179.8 
53.3 x 600 w =  

W = 1.425 lbs. 

It is thus seen that only a minimal amount of gas 
is needed inside the spheres in order to maintain them inflated 
during reentry. However, due to pressure variations along the 
spherical surface (in hypersonic flow, these pressures can be 
approximated by the Newtonian distribution P=PstagX cosine 2 O  
plus ambient on the front surface and by ambient on the trailing 
surface), surface deformations will result to the extent that 
the sphere material is elastic. If these are significant, they 
in turn could affect the surface temperatures resulting from 
drag and nose radius variations. Local stiffening would reduce 
these effects but might detract from the advantages of a simple 
spherical shape. 

Weight Limitations 

In the present work 680 pound spheres were considered. 
The assumption was made that the shell itself would weigh 250 
pounds and that the astronaut, support devices, life support, 
insulation, retrorocket and all other equipment would weigh 
the remaining 430 pounds. F o r  the case of steel shells the 
skin weight results in a skin thickness of 5.56~10-~ inches 
for the 58.5 foot diameter spherical shell. It is doubtful 
that a metallic fabric with a sealing film and an insulation 
layer could be made within this thickness limitation. Also, 
such a thin skin could easily tear while the astronaut is donning 
the device. It is felt that a minimum practical skin thickness 
is approximately 5 thousandths of an inch.* A 20 foot diameter 
steel spherical shell would have a thickness of, 

*Reference [37] suggests use of a nickel-chromium alloy 
for use in an expendable disk module. The alloy metal fabric 
is woven from a yarn made of fine filaments (0.0005 inch) and 
resembles a lightweight canvas. This is impregnated with a 
resin compound which provides impermeability and a degree of 
rigidization. The total thickness of this material is 0.015 
inch. 
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p x A x h = W  
(1728 x 0.29) x 4 a  x h = 250 

h = 0.397 x ft or 0.00476 in 

Therefore, because of the weight limitation, a spherical shell 
larger than 20 feet in diameter is not feasible as a rescue 
device. 

2033-JJ-dfr 
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APPENDIX A - REVIEW OF LITERATURE ON H I G H  TEMPERATURE A I R  

R A D I A T I O N  AND R A D I A T I O N  C O O L I N G  FROM THE SURFACE 
OF ENTERING BODIES 

Wavelengths  o f  A i r  R a d i a t i o n  and Wavelengths  o f  Metal S u r f a c e  
R a d i a t i o n  

Computat ions o f  t h e  r a d i a n t  ene rgy  t r a n s p o r t e d  t o  an 
e n t e r i n g  body were made assuming a n  a d i a b a t i c ,  nonabsorb ing  
media.  T h i s  a s sumpt ion  i s  approx ima te ly  s a t i s f i e d  when t h e  
h e a t i n g  r a t e  i s  small compared t o  b l a c k  body r a d i a t i o n  ( q < < a T 4 )  
and when t h e  r a d i a n t  h e a t i n g  r a t e  i s  s m a l l  i n  comparison t o  t h e  
f reestream k i n e t i c  energy  r a t e  [ q < < ( l / 2 J )  aV3,] .  Both o f  t h e s e  
c o n d i t i o n s  p l a c e  an upper  l i m i t  on t h e  ene rgy  t h a t  can  be  rad i -  
a ted  t o  an  e n t r y  v e h i c l e  p e r  u n i t  t i m e .  When q i s  of t h e  o r d e r  
o f  a T 4 ,  s i g n i f i c a n t  g a s  s e l f - a b s o r p t i o n  o f  r a d i a t i o n  o c c u r s .  
Conver se ly ,  when q i s  o f  t h e  o r d e r  of  ( 1 / 2 J )  mV3,), "decay" o f  
t h e  f l o w  energy  o c c u r s ;  i . e . ,  a s i g n i f i c a n t  p o r t i o n  o f  t h e  t o t a l  
f l o w  ene rgy  i s  d i s s i p a t e d  as r a d i a n t  e n e r g y .  

R e s u l t s  o f  Yoshikawa and Chapman [ 6 ]  shown i n  F i g u r e  A - 1 ,  
i l l u s t r a t e  t h e  f l o w  reg imes  f o r  a g r a y  g a s .  Also shown a re  t h e  
t r a j e c t o r y  l i n e s  f o r  b o d i e s  hav ing  an  L/D=O and b a l l i s t i c  c o e f -  
f i c i e n t  W/CDA of 0 . 1 2 7 6  p s f ,  and w / C ~ A = 8 . 8 4  p s f  a l o n g  w i t h  shock  
s t a n d o f f  d i s t a n c e  r eg imes  of 0 . 1  f t ,  1 . 0  f t  and 1 0  f t .  For t h e  
58 .5  f t  s p h e r e  a t  329,000 f e e t  a l t i t u d e  t h e  v e l o c i t y  i s  21,600 
f e e t / s e c o n d ,  and t h e  shock  s t a n d o f f  d i s t a n c e  i s  c a l c u l a t e d  t o  
b e  1 . 7 5  f ee t* .  For t h e  7 f t  s p h e r e  a t  2 5 0 , 0 0 0  f e e t ,  t h e  v e l o c i t y  
i s  2 4 , 3 0 0  f e e t  p e r  second,  and t h e  shock  s t a n d o f f  d i s t a n c e  i s  
c a l c u l a t e d  t o  b e  0 . 1 7 3  f e e t .  F i g u r e  A - 1  i n d i c a t e s  t h a t  t h e  f l o w  
f i e l d s  f o r  manned e n t r y  from n e a r - E a r t h  o r b i t s  l i e  o u t s i d e  b o t h  
t h e  a b s o r p t i o n  and t h e  decay f l i g h t  r eg imes  and t h e r e f o r e  t h e  
e f f e c t s  of gaseous  s e l f - a b s o r p t i o n  and decay  are  n o t  o f  impor- 
t a n c e .  

While i n  p r i n c i p l e  t h e  r a d i a t i o n  by atoms and m o l e c u l e s  
i s  c o m p l e t e l y  p r e d i c t a b l e  from known quantum mechanics  laws, i n  
p r a c t i c e  t h e  t h e o r y  must u s u a l l y  be  augmented by exper iment  t o  
o b t a i n  a b s o l u t e  i n t e n s i t i e s .  T h i s  was a c e n t r a l  a i m  of  Keck e t  a l ,  
[7 ] .  For t h e  c a s e  o f  molecu le s ,  which are  t h e  most i n t e n s e  s o u r c e  
of r a d i a t i o n  from a i r ,  it i n v o l v e s  d e t e r m i n a t i o n  of  t h e  e l e c t r o n i c  
t r a n s i t i o n  p r o b a b i l i t i e s  o r  f-numbers.  The development of  t h e  
shock  t u b e  h a s  made p o s s i b l e  t h e  q u a n t i t a t i v e  s t u d y  o f  b o t h  t h e  
e m i s s i o n  and a b s o r p t i o n  o f  r a d i a t i o n  i n  g a s e s  a t  h i g h  t e m p e r a t u r e s .  

*The s t a n d o f f  d i g t a n c e  6 ,  depends upon t h e  r a d i u s  o f  c u r v a t u r e  
R of  t h e  n o s e  and p 1 / p 2 ,  t h e  a i r  d e n s i t y  r a t i o  a c r o s s  t h e  shock .  
It h a s  been shown i . e .  s e e  R e f e r e n c e  [ 2 4 ]  t o  be a p p r o x i m a t e l y  
6"RP1/P2 . 
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Under appropriate conditions it is possible to produce a uniform 
sample of gas in thermodynamic equilibrium at accurately known 
temperature and pressure. The obvious disadvantage of the shock 
tube is that the conditions are transient, lasting only from 10 
to 100 micro-seconds. However, modern techniques in electronics 
and spectroscopy make it possible to obtain much valuable data 
even in this short time interval. The intensity of the radiation 
from air (21% 02+79% N2 at a density of 0.83 atmospheres) heated 
by reflected shock waves is shown as a function of wavelength 
from 0.2 to 1.0 microns in Figure A-2. The curves were constructed 
by [ 7 ]  from theor) given in his text. Figure A-3 taken from 
Wentink et al, [8], shows experimental absolute radiation inten- 
sities along with two calculated curves for air at higher wave- 
lengths - the infrared region. Experimental data was also 
obtained by reflecting plane shocks in a shock tube. Treanor, 
191, reviewed the available data for radiation from equilibrated 
high temperature air. He presented the available results in 
graphical form, showing the absorption coefficient f o r  each 
radiating species as a function of temperature and wavelength. 
The temperature range considered was from 30OO0K, to 8000°K, 
the wavelength range was from 0.2 to 1.5 microns. Seven molecular 
band systems were considered. For two of these ( NCVand 02s-R) 
there was good agreement among the various experimental results. 
For  four bands (N2 (l+), N2+ (1-), NOB and NO2 continuum) there 
was substantial disagreement. For the other molecular band 
system (N2 (2+)), and for the oxygen free-bound and free-free 
radiation, there was only a single source of data. 

The process of developing theoretical predictions of 
thermal radiation from air in thermochemical equilibrium consists 
of calculating the radiation intensity from a unit amount of each 
species present, and then, with knowledge of the equilibrium 
composition of the air, adding up the various contributions to 
obtain the total radiation. The determination of the radiative 
intensity as a function of temperature from a particular species 
is mathematically difficult and has led to various simplifications 
and, in most cases, to the necessity of determining experimentally 
an unknown parameter in the equation for the intensity. For 
example, the radiative intensity from a single excited electronic 
state of a molecule can be expressed as 

E-P n h e  ( A - 1 )  

where E is the radiative intensity, P is the transition prob- 
ability (Einstein A coefficient) of an electronic transition, 
n is the number of molecules in the excited electronic state, 
h is Planck's constant, and-is the frequency of the resultant 
radiation (see, e.g., [lo]). The transition probability, in 
turn, may be approximated by 
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where P has now been factored into three components related to 
the electronic, vibrational, and rotational excitation of the 
molecule. All but one of the components of the probability 
function can be computed from reasonable models of the molecular 
structure by use of wave mechanics, Usable values of the 
remaining transition probability, the electronic f number, have 
thus far only been determined from experiment. A multiplicity of 
such expressions must be summed, usually with simplification as 
to the wavelength structure of the radiation, to obtain an es- 
timate of the total radiation from a given molecular species. 
Radiation caused by the interaction of free electrons with neutral 
or ionized particles (so-called free-free or free-bound sources) 
is normally approximated with the classical Kramer's formula (c.f.) 
[TI. The adjustable parameter here is the effective charge Z of 
the particle involved in the interaction. Again, Z can be 
adjusted to fit experiment to theory. The available predictions 
for equilibrium air radiation are therefore, in a sense, hybrid 
in that they consist of a mixture of theory and experiment. 

It should be noted that the species causing the pre- 
dominant radiation varies with temperature. For example, at 
temperatures of 5000° to 7000°K, the N O B  and NOy molecular bands 
have large contributions; at temperatures of 7000° to g O O O ° K ,  
the N 2 +  (1-) molecular band is important; whereas increasing 
ionization at temperatures above 10,OOO°K causes free-free and 
free-bound radiation from the neutral and ionized atoms of N and 
0 to have a large contribution to the total radiation. 

Presented in Figure A-4 are low resolution spectra from 
[lo] provided by narrow-band radiometers consisting of photo- 
multiplier and narrow-band optical filter combinations. The 
instruments viewed the model at right angles to the flight path 
through narrow slit assemblies. The models were launched by 
light-gas guns into still air into a countercurrent air stream 
generated by a shock-tube-driven hypersonic wind tunnel. The 
spectra were selected to show the effect of density at velocities 
near 20,000 feet/sec. The additional spectrum at 33,500 feet/sec. 
is included to show velocity effects. Included on the figures 
are theoretical predictions for the observed radiation, Wh, 
obtained from the equilibrium air radiation calculations of 
Meyerott et a1 [27], and Kivel and Bailey C281. Basically, the 
equilibrium prediction for WA is obtained by calculating the 
equilibrium thermodynamic values of temperature and density in 
the bow-shock region, assigning values of radiative intensity 
to each volume element, and then integrating over the volume in 
the field of view of the radiometer. The theoretical predictions 
of Wx compare favorably, from the standpoint of both spectral 
shape and intensity, with the experimental spectra in the ultra- 
violet (0.2 to 0.5 micron) region at the higher density, 
Figure A-4a. The comparison degrades at 20,000 ft/sec as the 
density is lowered. The reason for the low-estimate for radiation 
at low densities given by the equilibrium theory has been rec- 
ognized [lo] as due to the appearance of predominant nonequilibrium 
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regions in the shock layer of the model and consequent increase 
of radiative intensity. 

Figure A-5 shows the spectral emittance for polished 
platinum that had been annealed for 1 hour in air at 1525OK. 
Changes in the chemical nature of a surface can significantly 
alter emittance or reflectance properties essentially by altering 
the emitting or reflecting material. Such effects are most sig- 
nificant at high temperatures, where reaction rates are large, 
but can be important at low temperatures as well. Oxidation 
reactions are most frequently encountered. Figure A-6 rather 
dramatically illustrates the effects of surface oxidation on 
stainless steel. It is a graph of spectral emittance for stain- 
less steel as a function of wavelength from 2 to 141-1. The lower 
curve is for a sample heated in air for 3 hours at 6 O O 0 C ,  and 
the upper curve is for a sample heated in air for 6 hours at 
1000°C.  The actual state of the metal near the surface (e.g., 
the identity, the density of the absorbed impurities, the 
surface irregularities) are generally not known, and one does 
not know what to use for the electron wave functions near the 
surface. These are crucial f o r  any theory of emissivity of 
metals since only the electrons that are near the surface absorb 
or emit radiation. In addition one finds that the published 
literature on emissivity is based on considerations of thermal 
equilibrium between a solid and its environment, whereas during 
reentry, the surface of the vehicle is exposed to a changing 
thermal environment. 

Precise emittance values can, however, be obtained 
from reflectance measurements while in thermal equilibrium, with 
an uncertainty in the best cases of as little as +O.OOl. In 
Figures A - 5  and A - 6  it is seen that all of the energy of radiative 
emission is in the infrared region, i.e., at wavelengths greater 
than 1 micron. It is seen by comparing the air radiation data 
of Figures A-3 and A-4 with the emission data of platinum and 
oxidized stainless steel - Figures A-5  and A - 6 ,  that the air 
radiates very little to the surface above 0.5 microns at entry 
velocities up to 33,500 feet/second and conversely the hot air 
is mostly transparent to the radiation emitted by the metals. 

Equilibrium Radiation of Air 

Figure A-7 taken from Kivel [ 1 4 ] ,  is a plot of the 
radiation energy per unit volume. To convert from the total 
energy radiated to the energy radiated toward the body it is 
necessary to divide by 2 because half of the radiation leaves 
each side from a thin slab of radiating gas. In order to make 
estimates of radiative heat transfer from equilibrium air, it 
is necessary to locate the flight trajectory on the altitude ve- 
locity map of Figure A-7 and to multiply the energy radiated per 
unit volume by the detachment distance in cm. 
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As can  b e  s e e n  f r o m  F i g u r e  A-7, t h e  r a d i a t i o n  h e a t i n g  
o f  an  e n t r y  body i n c r e a s e s  r a p i d l y  w i t h  i n c r e a s l n g  f l i g h t  
v e l o c i t y  and d e c r e a s i n g  a l t i t u d e .  A body t h a t  r e e n t e r s  a t  
h i g h  speed  and h i g h  d r a g  a v o i d s  t h e  h i g h  r a d i a t i o n  r e g i o n  
because  i t  d e c e l e r a t e s  a t  high a l t i t u d e s .  T h i s  i s  s e e n  b y  t h e  
t r a j e c t o r i e s  o f  t h e  two s p h e r i c a l  s h e l l s  o f  F i g u r e  5 which a r e  
super imposed  on F i g u r e  A - 7 .  

The e q u i l i b r i u m  p r e d i c t i o n s  o f  r a d i a t i o n  i n t e n s i t y  g i v e n  
i n  F i g u r e  A-7 are  s u b j e c t  t o  s e v e r a l  l i m i t a t i o n s .  Some o f  t h e s e  
l i m i t a t i o n s ,  which are  impor t an t  a t  h ighe r  a l t i t u d e s  a r e  d e l i n e -  
a t e d  i n  F i g u r e  A-8. A t  very  h i g h  a l t i t u d e s  a shock wave i s  n o t  
formed i n  f r o n t  o f  t h e  e n t e r i n g  v e h i c l e .  ( T h i s  a c o n d i t i o n s  t h a t  
was d e s c r i b e d  p r e v i o u s l y  as f r e e  m o l e c u l a r  f l o w . )  The e q u i l i b r i u m  
r a d i a t i o n  p r e d i c t i o n s  do no t  h o l d  f o r  t h i s  reg ime any more t h a n  
do t h e  c o n v e c t i o n  p r e d i c t i o n s  i n  t h e  f r e e  m o l e c u l a r  reg ime.  

We n e x t  come t o  t h e  t r a n s i t i o n  r e g i o n  i n  which a 
d e t a c h e d  shock  forms i n  f r o n t  o f  t h e  v e h i c l e .  I n  t h i s  r e g i o n  
t h e  s u r f a c e  w i l l  have a s t r o n g  c o o l i n g  e f f e c t  on t h e  g a s  beh ind  
t h e  shock .  A t  a somewhat l o w e r  a l t i t u d e  t h e  v i s c o u s  p a r t  o f  
t h e  shock l a y e r  i s  s u f f i c i e n t l y  t h i n  s o  t h a t  t h e r e  i s  a h igh -  
t e m p e r a t u r e  i n v i s c i d  r e g i o n ,  T h i s  i s  t h e  b e g i n n i n g  of  t h e  gas- 
dynamics cont inuum r e g i o n .  The l i m i t i n g  l i n e ,  l a b e l l e d  "cont inum 
f low" i s  based on a Knudsen number K = A / R  = 0.01. 

The n e x t  c o r r e c t i o n  t o  be  c o n s i d e r e d  i s  t h e  d i m i n u t i o n  
of  r a d i a t i o n  because  t h e  r a d i a t i o n - p r o d u c i n g  c o l l i s i o n s  a r e  t o o  
i n f r e q u e n t  compared t o  t h e  r a t e  o f  emi t ted  r a d i a t i o n .  T h i s  
phenomena i s  c a l l e d  c o l l i s i o n  l i m i t i n g ,  and depends p r i m a r i l y  
on t h e  g a s  d e n s i t y .  It a l so  depends on t h e  time f o r  m o l e c u l a r  
r a d i a t i o n ,  which v a r i e s  from t o  10-8 seconds  f o r  a i r  com- 
p o n e n t s .  When t h e  d e n s i t y  i s  s u f f i c i e n t l y  h i g h  t h e r e  a r e  
s u f f i c i e n t  c o l l i s i o n s  t o  m a i n t a i n  t h e  e x c i t e d  s t a t e  p o p u l a t i o n  
i n  e q u i l i b r i u m  w i t h  t h e  ground s t a t e .  Only a small p r o p o r t i o n  
of t h e  e x c i t e d  molecu le s  a r e  d e - e x c i t e d  by e m i s s i o n  of  a pho ton .  
A t  lower  d e n s i t i e s ,  however, t h e  number o f  c o l l i s i o n s  i n  a u n i t  
t i m e  becomes comparable  w i t h  t h e  r a t e  o f  r a d i a t i v e  d e - e x c i t a t i o n .  
The e x c i t e d  s t a t e  p o p u l a t i o n  t h e n  f a l l s  below t h e  l o c a l  e q u i l i -  
br ium l e v e l  which p r e v a i l e d  a t  h i g h  d e n s i t y .  An ana logy  may b e  
drawn by c o n s i d e r a t i o n  of t h e  f i l l i n g  o f  a p a i l  which has a h o l e  
i n  i t .  If a s u f f i c i e n t  f low o f  water i s  d i r e c t e d  i n t o  t h e  p a i l ,  
t h e  water i n  t h e  p a i l  w i l l  r e a c h  a c e r t a i n  e q u i l i b r i u m  l e v e l .  
If t h e  f l o w  i n t o  t h e  p a i l  i s  r e d u c e d ,  t h e n  t h i s  e q u i l i b r i u m  l e v e l  
w i l l  b e  lowered .  A mean h e i g h t  f o r  t h e  o n s e t  of  c o l l i s i o n  
l i m i t i n g  i s  i n d i c a t e d  i n  F i g u r e  A-8 by t h e  " c o l l i s i o n  l i m i t e d "  
l i n e  drawn by assuming a mean r a d i a t i o n  l i f e t i m e  o f  s econds  
and  a d e - e x c i t a t i o n  c o l l i s i o n  c r o s s  s e c t i o n  o f  l o m i 5  em2. T h i s  
a l t i t u d e  i s  independen t  of t he  mean r a d i u s  R .  
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Another nonequilibrium correction is necessary because 
of the finite relaxation zone at the shock front. In this region, 
the molecular constituents are excited to vibration equilibrium 
and dissociated by gas kinetic collisions. When the time to 
relax is long compared to the time it takes a particle to flow 
along a streamline from the shock front through the shock layer, 
consideration of nonequilibrium phenomena becomes essential. 
The radiation from this region may overshoot the corresponding 
equilibrium value. This is because of the high nonequilibrium 
translational temperature. At high Mach numbers a strong over- 
shoot of nonequilibrium radiation is observed in shock tubes. 
This will be discussed in the next section. In Figure A-8 the 
line labeled "equilibrium", taken from [l3], gives the altitude 
at which the relaxation time is approximately equal to the time 
it takes a gas particle to pass through the shock layer. It is 
only below this altitude that the equilibrium predictions of 
Figure A-7 are correct. 

Non-Equilibrium Radiation of Air 

The experimental results of [lo], [12] and [151 are 
shown in Figure A - 9 .  It should be mentioned that the total 
intensity of nonequilibrium radiation, as measured from the 
one-dimensional flow pattern behind a normal shock in shock-tube 
experiments and from the three-dimensional flow pattern along 
the stagnation streamline in the shock layer of a blunt body, 
should by no means be expected to agree perfectly. Differences 
must occur because of the different velocity history and, con- 
sequently, the different distribution of residence time of the 
radiating particles as the gas flows downstream from the shock 
front. The lack of any density dependence shown in Figure A-9 
supports the one-dimensional nonequilibrium zone model for 
normal shock waves which predicts that the total radiation 
from the zone is independent of free-stream density at a fixed 
velocity. 

Contrary to the nonequilibrium results for air shown 
in Figure A-9, (where the nonequilibrium gas radiation is indepen- 
dent of density or altitude), a continuous decay with decreasing 
density is observed on three-dimensional models. This behavior 
can be explained in a simple manner by considering the radiation 
distribution in the shock layer as shown in Figure A-10.  The 
figure depicts the change in streamline radiation pattern as a 
function of streamline position along the shock front and trun- 
cation by the corner expansion fan. As the density is reduced, 
the length of the nonequilibrium zones continuously increases 
until the time required for the flow along streamlines to reach 
equilibrium conditions becomes greater than the residence time 
of the gas in the shock layer. Since progressivly smaller por- 
tions of the nonequilibrium zones exist in the low shock layer, 
the total radiation observed should decrease continuously with 
density instead of taking on a fixed and constant value. 
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T r u n c a t i o n  b y  t h e  body v e l o c i t y  f i e l d  has  been  obse rved  
by  [lo] d u r i n g  t h e  f l i g h t  o f  small models  t h r o u g h  shocked  a i r .  
The n o n e q u i l i b r i u m  zone model o f  [lo] i n d i c a t e s  t h a t  t h e  d e n s i t y  
f o r  t r u n c a t i o n  e f f e c t s  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  v e h i c l e  s i z e .  
Thus,  it i s  unchanged f o r  c o n s t a n t  v a l u e s  o f  p,R. I n  o t h e r  words ,  
t h e  i n t e n s i t y  o f  n o n e q u i l i b r i u m  r a d i a t i o n  r ema ins  i m p o r t a n t  a t  
v e r y  h i g h  a l t i t u d e s ,  e . g . ,  3 2 9 , 0 0 0  f e e t ,  f o r  t h e  58 .5  f o o t  s p h e r i c a l  
s h e l l ,  and 2 9 2 , 0 0 0  f e e t  f o r  t h e  7 f o o t  s p h e r i c a l  s h e l l  b e c a u s e  t h e  
p r o d u c t  P,R r ema ins  a t  a b o u t  t h e  same v a l u e w 8 . 5  x l b / f t 2  as 
for a 1 f o o t  s p h e r e  a t  2 5 6 , 0 0 0  f e e t  o r  a 0 . 1  f o o t  s p h e r i c a l  model 
a t  a d e n s i t y  e q u i v a l e n t  t o  2 0 0 , 0 0 0  f e e t .  



!*\ -+ 0 -  

Lo 
II - 0 
0000 

4 L o W  

* 
4 
0 
W 
n 

I 
I- 
LL 

0 

II 

- 
0' 

s: 
m 
4 

0 z 0 
00 
W 

I 1  

\ 
I 
I- 
.L - 

II 

0 

0 
00 
N 

3 
N 

0 
0 
N 

0 
(0 - 





= I  

> 
I- 
cn 
z w 

0 

er 
w 
I 
P 
cn 
0 

4 

m 
Qo 

0 

a 
4 

Y 
0 
0 
0 
0 
Qo 

I- 
4 

er 
U 

- 
n 

- 

F 

n 

- 
b 
er 
LL 

z 
0 

I- 
U 
n 
U 
pz 

- 
- 

n 
W 
er 
4 er 
LL 
a - 
I 

(3 
I 
U 
W 
er 
3 a 
LL 
- 



W 
I 
W 
-1 
h 
I c w 

0 
& 

5 

Q 
I '  
I 
I 

d 
I 

I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

i 
I 
I 
I 

I I I 

0 
0 - 0 

. 

j 

N . 



t 

\ 

J 
4 

CL 
W 
I- 
4 
I 
J 
W 
n 
0 
I 

- 

I 
I 
I 1 
'I # 

0 - 0 



. 

O 
5: 

n 
h 
N 

LL 
W = 
U 

9 
\ 

1 
4 

I- 
W 

-- 

I I I I I 
0 8 '8 



\ 

I I I I I I I I I I 

n 
v) 
0 
U 

W O  

- 9  
A -  
Z 8  

0 . - Qo 

d 
(D =r 
0 0 

W 

9- 

N 

0 
N 0 '  
d 

0 w 
I 
v) 

LL 
0 

I- o 

I 

In 
I 
U 



. . 

n 
W 
m 

0 W W * hl . - 



e e P  
c w  

w u u  
===I- 
C - v )  

I L L  w z  z o *  0 - w  w e  
3 W W  
0 P T z  
I W  
c n z  
O I  a - u  

= I -  
S 4 v )  o z c  I - w z  
o c m u  
0 v ) W O  

W W L m  
I I W U  
I - I - P T W  

z u w d  

W 



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

E l  
--I II 

- \  
o , \  
w \  -I 

3 \  W 

3 

LL 

& \  I 

W W \ 
Ds 
L 

I- 
4 
v) 

v) 

0 
L 

Y 
0 
0 
I 
v) 

B 

I I I I I I I I 

+ 
U 
W 
I 



J 

m 
I I -  
O f  - 
X - I  

W 
m z 
I- 
Y 
0 
0 
I 
CO 

I 

= = I -  
0 0 1  o o w  
X I -  
W C O - I  

L L  
L L  

e 
U 

z 

- 
- 
z 
0 

I- 

0 
0 - 0 

hl 



a -  

.............. .............. ............. .............. ............... 

SHOCK 

a 

F IGURE A-10 - CHANGE I N  THE STREAMLINE RADIATION PATTERN AS A FUNCTION OF STREAMLINE P O S I T I O N  ALONG 
THE SHOCK FRONT AND TRUNCATION OF T H E  RADIATION BY THE CORNER EXPANSION FAN 
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APPENDIX B - CONVECTIVE HEAT TRANSFER P E R T A I N I N G  TO REENTRY 

Chemical non-equ i l ib r ium o c c u r s  when f i n i t e  t i m e  
i s  r e q u i r e d  f o r  t h e  chemica l  r e a c t i o n s  i n  t h e  g a s  t o  t a k e  p l a c e  
f o l l o w i n g  l a r g e  changes  i n  energy l e v e l s ,  as when p a s s i n g  
t h r o u g h  a s t r o n g  shock  wave. A t  low f l i g h t  v e l o c i t i e s  t h e  
chemica l  r e a c t i o n s ,  a r e  c o n s i d e r e d  i n s t a n t a n e o u s  and t h e  g a s  
i s  i n  "chemica l  e q u i l i b r i u m " .  A s  s a t e l l i t e  v e l o c i t i e s  a re  
approached ,  t h e  t i m e  r e q u i r e d  f o r  t h e  chemica l  r e a c t i o n  becomes 
a p p r e c i a b l e ;  i n  f a c t ,  t h e  gas  may p a s s  t h r o u g h  t h e  shock wave 
and  o v e r  t h e  n o s e  o f  t h e  e n t e r i n g  body w i t h o u t  t h e  chemica l  
r e a c t i o n  o c c u r i n g .  T h i s  f low c o n d i t i o n  i s  te rmed " c h e m i c a l l y  
f r o z e n " .  A more fo rma l  d e f i n i t i o n  i s :  

Chemical R e l a x a t i o n  T i m e  <<1 Chemical E q u i l i b r i u m :  Flow Time 

Chemical R e l a x a t i o n  T i m e  >>1 C h a r a c t e r i s t i c  Flow Time Chemical ly  Frozen:  

A s  may b e  s e e n  i n  F i g u r e  B-1 o b t a i n e d  f rom [17] t h e r e  
w i l l  be  an  i n i t i a l  p o r t i o n  d u r i n g  e n t r y  where t h e  f low reg ime 
w i l l  b e  " f r o z e n "  f o r  a 1-foot  s p h e r e .  The r e a c t i n g  zone w i l l  
b e  a p p r o x i m a t e l y  50,000 f t  h i g h e r  i n  a l t i t u d e  f o r  a 1 0  f t  nose  
r a d i u s ,  and a n o t h e r  50,000 f t  h i g h e r  i n  a l t i t u d e  for a 1 0 0  f t  
n o s e  r a d i u s .  

The e q u a t i o n  o f  Detra and Hida lgo  i s  based on t h e  
t h e o r e t i c a l  p r e d i c t i o n  f o r  e q u i l i b r i u m  f low o f  Fay and R i d d e l l ,  
E181 w i t h  t h e  a d d i t i o n a l  assumpt ion  o f  a Newtonian v e l o c i t y  
g r a d i e n t  a t  t h e  s t a g n a t i o n  p o i n t ,  t h e  g a s  dynamics c h a r t s  f o r  
e q u i l i b r i u m  a i r  of  Feldman, [19], t h e  v i s c o s i t y  t e m p e r a t u r e  
dependence g i v e n  by S u t h e r l a n d ,  a L e w i s  number of  1 . 4  and a 
P r a n d t l  number of  0.71. A c t u a l l y ,  s t a g n a t i o n  l a m i n a r  heat 
t r a n s f e r  a t  h y p e r s o n i c  speeds  i s  a l s o  dependent  on t h e  r a t e  o f  
r e c o m b i n a t i o n  o f  t h e  d i s s o c i a t e d  a i r  ( e . g . ,  oxygen atoms t o  
oxygen m o l e c u l e s  and n i t r o g e n  atoms t o  n i t r o g e n  m o l e c u l e s )  a t  
t h e  s u r f a c e .  When t h e  t ime  t o  recombine i s  l a r g e  r e l a t i v e  t o  
t h e  t i m e  o f  d i f f u s i o n  ( o f  t h e  m o l e c u l e s ,  a toms,  i o n s  and rad- 
i c a l s )  a c r o s s  t h e  boundary l a y e r  t h e n  t h e  a toms,  i o n s  and 
r a d i c a l s  recombine ( t o  N 2  and 0 2  m o l e c u l e s )  a t  t h e  w a l l  t o  a 
d e g r e e  dependent  on t h e  c a t a l y t i c  b e h a v i o r  of  t h e  wal l .  ( T h i s  
depends on t h e  wal l  m a t e r i a l  and f l i g h t  c o n d i t i o n s ) .  I n  t h e  
chemica l  p r o c e s s  o f  recombining ,  heat i s  g i v e n  o f f .  Thus,  i n  
a d d i t i o n ,  t o  o r d i n a r y  heat c o n v e c t i o n  t h e r e  e x i s t s  a c o n t r i b u -  
tlon due t o  themochemical changes w i t h i n  t h e  g a s  phase boundary 
l a y e r  and a t  t h e  g a s / s o l i d  i n t e r f a c e .  The Fay and R i d d e l l  
e q u a t i o n  can  b e  mod i f i ed  for t h e  r e c o m b i n a t i o n  a t  t h e  wa l l .  
T h i s  was done b y  Rosner ,  [20]. However, s i n c e  c o o l  metal  s u r -  
f a c e s  a t  h i g h  a l t i t u d e s  a r e  n e a r l y  f u l l y  c a t a l y t i c ,  t h e  c a t a l y t i c  
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p a r a m e t e r , q ,  o f  [21] t e n d s  towards  u n i t y ,  and ,  t h e r e f o r e ,  t h e  
" f u l l y "  c a t a l y t i c  w a l l  e q u a t i o n  of  Fay and R i d d e l l  as  c o r r e l a t e d  
f o r  t h e  c a s e  of  " f r o z e n  f low" i s  a p p l i c a b l e .  Fo r  p u r p o s e s  o f  
comparison w i t h  t h e  r e s u l t s  p r e v i o u s l y  o b t a i n e d  w i t h  t h e  a p p r o x i -  
mate e q u a t i o n  f o r  e q u i l i b r i u m  f low o f  D e t r a  and Hida lgo ,  a sample 
computa t ion  u s i n g  t h e  Fay and R i d d e l l  e q u a t i o n  f o r  " f r o z e n  f low" 
i s  shown below. 

r 1 

L 

where, 
-1 

9 = c a t a l y t i c  w a l l  pa rame te r ,  app roaches  u n i t y  f o r  metals 
P r  - P r a n d t l  number f o r  t h e  c a s e  o f  ' l f rozen l l  f low c o n d i t i o n s ,  

He = e n t h a l p y  a t  o u t e r  edge of t h e  boundary l a y e r ,  B tu / lbm 
Hw = e n t h a l p y  o f  t h e  a i r  a t  t h e  w a l l ,  B tu / lbm 

= a b s o l u t e  v i s c o c i t y  of f l u i d  a t  t h e  w a l l ,  l b m / f t - s e c  
= d e n s i t y  o f  a i r  a t  t h e  w a l l ,  l b m / f t 3  

= a b s o l u t e  v i s c o c i t y  of a i r  a t  o u t e r  edge of  t h e  boundary 

= d e n s i t y  o f  a i r  a t  t h e  o u t e r  edge o f  t h e  boundary l a y e r ,  

= " f r o z e n "  L e w i s  number assumed c o n s t a n t  a t  1 . 4 ,  d i m e n s i o n l e s s  

'- d i m e n s i o n l e s s  

p W  

P-W 

'e 

'e l b m / f t 3  

Ce  = mass f r a c t i o n  o f  atoms i n  m i x t u r e  a t  o u t e r  edge o f  boundary 

l a y e r ,  l b m / f t - s e c  

e 

hR 

l a y e r ,  d i m e n s i o n l e s s  
= heat o f  r ecombina t ion ,  assumed c o n s t a n t  

f3 = i n v i s c i d  v e l o c i t y  g r a d i e n t  a t  t h e  l e a d i n g  e d g e , l / s e c ,  may 
be o b t a i n e d  from 

d = diameter o f  l e a d i n g  edge,  f t  

p w  = ambient ,  " f r e e  stream", d e n s i t y ,  l b m / f t 3  

V, = f l i g h t  v e l o c i t y ,  f t / s e c  

A sample computa t ion  f o l l o w s :  

V = 2 1 , 6 0 0  f t / s e c  
d = 58.5 f t  

W 
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7 P m  - -  - 0 . 3 3  x 10'6 
p s L  

- -  p e  - 5 . 5  x 1 0 - 6 1  
%L 

Therlefore ,  

2x213600 C0.06 (2-0.06)11/* B =  58 .5  

= 252.5 
anc? 

D e t a i l e d  c a l c u l a t i o n s  i n d i c a t e  t h a t  p p  a t  t h e  wal l  i s  a t  most 
f i v e  t i m e  i t s  v a l u e  a t  t h e  o u t e r  edge  o f  t h e  boundary  l a y e r .  
The f a c t  t h a t  t h i s  r a t i o  i s  r a i s e d  t o  t h e  1 / 1 0  power i n  
E q u a t i o n  [ B - 1 )  makes t h e  c o r r e s p o n d i n g  c o r r e c t i o n  of  t h e  o r d e r  
o f  o n l y  5 p e r c e n t .  Thus,  

P r f  = 0.76 

H e q o  = 1 1 , 0 0 0  Btu / lbm 
a n d  (Prf)Oe6 = (0.76)Oe6 = 0.849 

= 330 Btu/ lbm,  f o r  an assumed Tw = 1350°R, as b e f o r e .  Hw Assume Y=1 ( f u l l y  c a t a l y t i c  w a l l )  

f rom [22]  "e = 0.264/3600 lbm/ f t - sec  
= 0 . 4 2 1 ~ 1 0 - ~  l b  / f t 3  'e m 

Assume Le = 1 . 4  
hR N2 = 14,600 Btu/lbm 

f rom [23]  
r e c o m b i n a t i o n  c hR 0 2  = 6,600 Btu/lb,  

S t d .  h e a t  o f  

hR C e  = hR02 (0 .2346)  t hRN2 ( C e  -0 .2346)  f rom [21]  . 
A t  8300°R, hRCe i s  a p p r o x i m a t e l y ,  

= 6660 (0 .2346)  + 14,600 ( 0 . 6 4  - 0.2346)  
= 1551  t 5920 

h R C e  

= 7471 Btu / lbm 



, 

BELLCOMM, INC. - 4 -  

S u b s t i t u t i n g  t h e s e  terms i n t o  E q u a t i o n  ( B - 1 )  w e  g e t ,  

- 0 * 7 6 3  ( 1 1 , 0 0 0 - 3 3 0 )  (1) ( 1 5 . 9 )  ( 0 . 4 2 1 ~ 1 0 - ~ ) ~ / ~  
4s - 0,8rlg - 1 

x ( 0 . 2 6 4 / 3 6 0 0 ) 1 / 2  (1) 

S S  
= 0.984 

When t h i s  c o n v e c t i o n  h e a t i n g  f l u x  i s  added t o  t h e  non- 
e q u i l i b r i u m  h e a t i n g  f l u x  o f  2 . 0 3  B t u / f t  - s e c .  and s e t  e q u a l  to 
t h e  r a d i a t i o n  c o o l i n g  f l u x  w e  g e t ,  

0 . 9 8 4 t 2 . 0 3  = 0.24 TW4 x 

and  
= 1 8 8 0 ~ ~  Tw 

It i s  s e e n  t h a t  t h e  c o m p l e x i t i e s  a r i s i n g  f rom c h e m i c a l  
n o n - e q u i l i b r i u m  and from chemica l  r e c o m b i n a t i o n  can  b e  i g n o r e d  
i n  c a l c u l a t i o n  o f  t h e  aerodynamic h e a t i n g  o f  t h e  s p h e r e s  c o n s i d e r e d  
i n  t h i s  p a p e r  as  t h e  r e s u l t s  a re  a l m o s t  t h e  same as t h o s e  o b t a i n e d  
by  u s e  o f  t h e  much s i m p l e r ,  app rox ima te  method o f  Detra and  
H i d a l g o .  
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